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LOW REFLECTrVlTY FIBER BRAGG GRAFTING WITH 
R£CTAN6UXAR R£CX£CTIOK FUHCTIOM 

Field or fehe TnvQTifciQn 

5 The invention occurs in the field of fiber Bragg 

gratings formed • in optical %faveguides by exposing a 
photosensitive waveguide core to an interference pattern 
fomed by overlapping beams of actinic radiation. 

Baoleground 

Fiber Bragg gratings for reflecting (or transmitting) 
wavelengths of light within optical waveguides are known to 
have reflectance functions that suffer from undesirable 
side lobes when the grating has a constant coupling 
strength along its length. Such side lobes are especially 
undesirable for narrow band and dense wavelength division 
multiplexing. Probleais with such side lobes and attempts 
at eliminating such side lobes have begn. discussed in U. S. 
Patents 5, 30d,260 and 5,388,173^ for exas^le. 

For many purposes, the optimum reflectance function 
for a fiber Bragg grating is a three-sided rectangle, with 
a flat top and nearly vertical sides in a ^^ L u pha ' t *^ 
configuration. Prior art suggestions for different ways of 
making fiber Bragg gratings have so far failed to achieve 
this. 

Summary ftff fcho Invent^ion 

For low reflectivity gratings « the desired tophat 
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configuration for the reflectivity function of* a fiber 
Bragg grating can be closely approxiraated by majcing the 
envelope function of the grating a sine function^ A sine 
function for the envelope function of the grating can be 
achieved by interfering two angled writing beams/ one of 
which has a plane wavefront and another of which is 
diffracted. The diffracted beam is preferably diffracted 
through a slit oriented transverse to the fiber and then 
propagated to the far field where it interferes with a 
plane wavefront bean in an interference pattern incident on 
the fiber core. The plane wavefront beam is preferably at 
least twice the intensity of the diffracted beam. This way 
of imposing a sine function on the envelope fwction of the 
grating causes the grating phase to change by n every time 
the sine function passes through iero/ which helps the 
reflectivity function of the grating approximate the 
desired tophat configuration. 

PravfingB 

Figure 1 is a schematic view of a preferred 
arrangement of overlapping^ actinic writing beams 
interfered in a pattern to form a grating on an optical 
fiber . 

Figure 2 graphically represents a sine function shown 
as the ampli tilde of the diffracted be^jiiuln the arrangement 
of FIG. 1. 

Figure 3 graphically represents the Intensity of the 
sine function beam of FIG. 2. 

Figure 4 graphically represents the resultant 
amplitude of the interference of the diffracted beam and 
the plane wave beam of FIG. I« 

Figure 5 graphically represents the intensity of the 
interference pattern of the overlapping beams of FIG. 1. 

Figures 6-9 graphically represent spectral 
reflectivities of gratings made by using different numbers 
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of lobes on each si4e of the central peak of the sine - 
function of FIO. 2. 

Figures 10-13 graphically represent spectral 
reflectivities of gratings using six lobes of the sine 
5 function of FIG. 2 and using different values for delta n, 

Dfttiailed DftsariPtion 
This invention arises from the discovery that a sine 
function imposed on the grating envelope of a fiber Bragg 

10 grating allows the spectral reflectivity function of the 

grating to approach a desired tophat configuration, with 
nearly vertical sides and a flat top. It also involves 
recognition of a single and effective way that such a sine 
function can be imposed on the grating envelope to achieve 

15 the desired tophat reflectivity. A way of making the 

inventive grating will be described first. Then, the 
reflectivity characteristics of the inventive grating and 
the underlying mathematics will be explained- 

To form a fiber Bragg grating with a spectral 

2 0 reflectivity in a tophat shape^ two angled beams of actinic 

radiation are overlapped in an interference pattern 
incident on a photosensitive waveguide. One of the beams 
preferably has a plane wavefront/ and the other beam is 
preferably diffracted to impose a sine function on the 

25 interference pattern that defines _the grating envelope. 

ttuch of the technology for accomplishing this is well 
understood in the art. Photosensitive cores for waveguides 
such as optical fibers can be made so that their index of 
refraction is varied in response to a pattern of actinic 

30 radiation, such as UV light. The time and intensity of the 

exposure, and the configuration of the Interference 
pattern, determine the pattern of index variation imprinted 
on the fiber core by the writing beams- Various beam 
arrangements and pattern configurations for forming fiber 

35 Bragg gratings have been suggested. 
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In the preferred arrangement of FIG. 1, a "fiber 10 
having a photosensitive core is imprinted with a grating 
pattern corresponding to the interference of a pair of 
overlapping beanis IS and 20. These are preferably derived 
5 from a single source 11 of actinic radiation, such as \JV 

light, A beam 12 from source 11 is divided by beamsplitter 
13 into a primary beam 15 and a secondary beam 16. Primary 
beam 15 preferably has a plane 

10 wavefront/ and optical elements that are not shown in FIG. 

1 can be used to accomplish this. 

Secondary beam 16 is directed by mirrors 17 and 18 to 
an orientation angled relative to primary beam 15. Then, 
beam 16 is directed by mirror 18 through a narrow 

15 diffraction slit 19 oriented transversely or perpendicular 

to fiber 10. Beam 20 passing through slit 19 is diffracted 
and propagated to the far field where it interferes with 
primary beam 15 in overlapping incidence on fiber 10. 

Diffracted beam 20 imposes the desired sine function 

20 on the interference pattern created with beam 15. This in 

turn imposes the sine function on the envelope function of 
the grating's pattern of varying index of refraction as 
imprinted in fiber 10. This changes the phase of the 
grating by n every time the sine function passes through 

2S zero, and it gives the grating a ref iecfivity function in 

the desired tophat form. As explained below, the Fourier 
transform of a reflectivity function in the desired tophat 
shape is a sine function, which the diffracted beam iwposes 
on the grating envelope for a low reflectance grating. 

30 FIG. 2 shows the sine functipn form of the amplitude 

of diffracted beam 20. Diminishing side lobes appear on 
each side of a central amplitude peak, and the amplitude 
passes through zero twice for each side lobe. 

The intensity of the sine function beam 20 is shown in 

35 FIG. 3 and is obtained by squaring the axnplitude of FIG. 2. 
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The intensity is a measui:able quantity* 

The an^litude that results when diffracted beam 20 
interferes with plane wave beam 15 at fiber 10 is shovm in 
FIG. 4. This also shows the n phase change at each zero 
5 crossing. 

The Intensity of the interference pattern formed by 
overlapping beams 15 and 20 is shown in FIG. 5, this 
intensity is obtained by squaring the data of FIG- A, and 
it corresponds to the changes in the index of refraction of 
10 the interference pattern imprinted on fiber 10, The sine 

function imposed on this pattern produces the tophat 
approximation for the reflectivity of the grating. 

Calculated reflectivities for gratings made with sine 
function envelopes as described above are shown in FIGS, 6- 
^5 13- Different numbers of side lobes of the sine function 

of beam 20 can be used by selectively masking the edges of 
beam 20. The reflectivity resulting from use of a single 
side lobe on each side of the central peak of the sine 
function of FIG. 2 is shown in FIG- 6. The sides of the 
20 reflectivity function have noticeable slopes^ and the top 

is not ideally flat. Increasing the number of side lobes 
of the sine function to three lobes on each side of the 
central peak produces the improved reflectivity shown in 
FIG. 7. Successively closer approximations to the desired 
25 tophat configxiration can be achieved by using increasing 

numbers of side lobes of the sine function, as is apparent 
from FIG. 8 showing use of 6 side lobes on each side of a 
central peak, and from FIG. 9 showing use of 12 sides lobes 
on each":s±de'.'of' a centasedrpeak. 
3° FIGS. 10-13 show the calculated reflectivity spectrum 

effects of increasing reflectivity of the grating. The 
. reflectivity is increased by increasing delta n which can 
be done by increasing the time and/or intensity of the 
exposure of fiber 10 to actinic light. The calculations 
for FIGS. 10-13 use six lobes on each side of a central 
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peak for the sine function. They show a good approximation 
to a tophat configuration for low reflectivities such as 
about 7 percent in FIG. 10/ alxjut 16 percent in FIG. 11, 
and about 50 percent in FIG. 12. At higher reflectivities, 
5 the desired tophat shape for the reflectivity spectruio 

begins to deteriorate- A 90 percent reflectivity, as shown 
for example in FIG. 13, has noticeably sloping sides* 

The zaathematics behind the graphic representations of 
FIGS* 2-13 are as followe: 
10 The index distribution for a fiber phase grating is 

expressible as: 

n - la^^ An(l'i^^(z)eoa(iC7) ] 
where: Cm is a refractive index of a core of the 
waveguide, 

IS ^ is an induced di tfp-r^nne in the refractive index 

of the corer 

fiT] is an envelope function of the grating, and 
K « 2-^ is a grating wave vector for a grating period A. 

For small reflectivities, of leas than about 50 percent 
reflectivity, as shown in FIGS- 10-12, the reflection 
function of the grating is the Fourier transform of its 

25 envelope function fiz\ « Since the Fourier transform of the 

desired rectangular tophat configuration for the reflection 
function is a sine function; £lz\ is^referably a sine 
function to maJce the grating produce the desired result. 
Such a sine function is obtained as previously explained by 

30 interfering a plane beam and a diffracted beam, and 

pMfesrably a diffracted beam that is diffracted through a 
narrow slit oriented transversely to a fiber being 
imprinted. 

The length of each grating depends on the desired 
35 bandwidth and the n\imber of lobes included in the sine 

pattern. It is usually several millimeters and can be up 
to about 10 mm. Gratings performing according to the 
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calculated graphic results of FIGS« 6-13 can be achieveti 
with the following typical parameters: 
Length 2 1 cm 
« 1*444 
5 A = 0.5365 mm 

An « O.0005 

(AZ) 

with A 0.015 

10 The term A is related to the spectral width of the 

reflection spectrum, AX , by: AX = 3^ 

2zzn 

15 where X is the center wavelength of the filter and n 

is the effective index of the waveguide. 

The diffracted beam 20 is preferably propagated to the 
far field before interfering with plane wavefrpnt beam 15, 
and the far field is given as: 

20 

[*»(ll)]r* 
2 

Where: 

25 X is the distance from the aperture to the 

interference plane, 

X is the wavelength of the light, and 
X is the width of the diffra'£tToh slit. 
The angle between the two beams 15 and 20 is 
30 selected to obtain the desired center wavelength (Bragg 

matched wavelength) of the grating. This-^aitgie Is 
affected by the wavelength of the beams, which is 
typically 240 nanometers. 

Bragg wavelength = 
35 2 eintheta 



where theta is the half*angle between the 
writing beams. 
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Thl« yields values for ^gXes betwean the writing 
bea»3 of typically 26 degrees, and ,uch angle, are 

function wavelength for the reflectivity 

The Plane wave beant IS preferably has at least twice 
the anplxtude of the diffracted bea. 20. a .ore inceLe 
Plane beam 15 in«,roves the approximation of the grating's 
reflectivity function to the desired tophat for» 

There may be other ways of diffracting beam 20 to 
give it a sine function form. Edge diffraction is one 
possibility. ® 
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1 . A f ibex Bragg grating having a core patterned 
with a varied index of refraction corresponding to varied 
intensities of an interference pattern of actinic 
5 radiation incident on the fiber core from interference of 

a plane wavefront beaia and a diffracted beam, 

2- The grating of claim 1 wherein the reflectivity 
of the grating is up to about 50 percent. 

3. The grating of claiiu 1 wherein the length of 
10 the grating is froa 1 to about 10 mm. 

4 . The grating of ciaia 1 wherein the diffracted 
beam is diffracted through a slit oriented transverse to 
the fiber. 

5. the grating of claim 1 wherein the beams are 
15 derived from a single source. 

€. The grating of claim 1 wherein the angle 
between the beans is selected to obtain a desired center 
wavelength of reflection of the grating. 

7. The grating of claim 1 wherein the plane 
20 wavefront beam has at least twice the intensity of the 

diffracted beam. 

e - The grating of claim 1 wherein the diffracted 
beam is arranged to apply a sine function to the envelope 
function of the grating- 
25 9. A method of making a fiber ^ragg grating having 

a core patterned with a varied index of refraction, said 
method comprising: 

a. providing a fiber having a core that can be 
patterned by actinic radiation; 
30 b. arranging angled beams of actinic radiation to 

form an Interference pattern incident on the 
fiber core; 

c. arranging a first one of the bens to have a 
plane wavefront; and 
35 d. arranging a second one of the beams to be 
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diffracted. . 



10. The method of claim 9 Including arranging the 
interference pattern to extend over at least one 
S centimeter of the length of the fiber core. 

11. The method of claim 9 including diffracting the 
second beam through a slit transverse to the fiber, 

12. The method of claim 9 including arranging the 
plane wave beam to have at least twice the intensity of 

10 the diffracted beam. 

13. The method of claim 9 including arranging an 
angle between the beams to obtain a desired center 
wavelength of reflection of the grating- 

14- The method of claim 9 including deriving the 
15 beams from a single source. 

15, The method of claim 9 including diffracting the 
second beam to apply a sine function to the envelope 
function of the grating- 

16. A fiber Bragg grating having a refractive index 
20 distribution/ u « expressible as; 

where: is a refractive index of a core of the 
grating, 

is an induced difference in the refractive index 
25 of the corer 



0^/04 *02 TUE 18:07 FAX 61 2 9957 0582 



GRIFFITH HACK 



@015 



WO 97/90365 



PCT/DS97/IU892 



11 



fiz) is an envelope function of ^he grating, and 

K 2—11 is a grating wave vector for a grating period A, 
A 

5 

the grating comprising: the envelope function /(z) 
being a sine function, and the sine function being 
obtained by interfering a plane wavefront beam with a 
diffracted beam. 

10 17. The grating of claim 16 wherein the sine 

function is expressed as: 



15 where: A is related to a spectral width of a reflection 

spectrum, AX , of the grating by: 

AX « &^ 
2iu 



20 18. The grating of claim 16 wherein the 

reflectivity of the grating is up to about 50 percent. 

19. the grating of claim 16 wherein the 
l euy-Ufc of --^he * j»-^t -vrr^ xs from 1 to about 10 torn. 

20. The grating of claim 16 wherein the 
25 diffracted beasi is diffracted through a slit oriented 

transverse to the fiber. 



21. The grating of claim 16 wherein an angle 
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iTslT ^^^-^-onz De«. and the diffracted beaxn 

is selected to obtain a desired center wavelength of 
reflection of the gratiny. 

22. The grating of claim 16 wherein the plane 
wavefront hea. has at least twice the intensity of the 
diffracted beaia. 

23. The grating of claim 16 wherein the plane 

wavefront beam and the dif f=T-a/-^<»H v. 

cUf f racted beam are derived from a 
Single source, * 
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FIG.2 
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FIG.4 
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FIG. 5 
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FIG.6 

Grating envelope: 1 lobe on each side of central peak 
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FIG.7 

Grating envelope: 3 lobes on each elda of central peak 
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FIG.8 

Grating envelope; 6 lobes on each side of central peak 
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Grating envelope: 12 lobes on each side of central peak 
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FIG.10 

6 lobes, delta na 0.0005 
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FIG.11 

6 lobes, delta ns 0.001 
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FIG.12 

6 fobes, delta ns 0.002 
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6 lobes, delta n s 0.005 




^JSn 1^6 14M7 1.S48 1.548 1.55 1.551 1.5S2 1.553 1.564 1.555 

Wavelength (um) 



suBsnnnESHflEronRES) 



GRIFFITH HACK 



(11026 



interkationax. search report 



iMBnutionAl applictfion No. 

pcrAJS97yoia92 



A« ctASSincATtON or stmjEcr mattcr 

IPC($) : Q02B 6/26. 6/42; 602. 604; G02B 5/l«, 27/44 
US CL : 295/ 31. 333. 35. 36. 37; 359/ 566. 572 
Acopfdinf to IwicnMrion»l Pttott rianiflcaUon (IPC) or to both nlUmmX rlMiiifirition and IPC 



ft. HELDS SEARCHED 



Miiumum dmnwnmut ion fcaicfacd (cluiifiutiott tyMn feUoMod by cUwifiorinn lynboli) 
U^. : 385/31.333,35. 36.37:359/566.572 



Documenution •ettched otfier IhiA muiuDuiii doeuoenutioa co iho csccntUiM ■uehdoeuoienU Are indiided ia Che fieidf leuchcd 



APS 



bue coBiuked dufing ihc itkicfmUonBl acmk (Mine of daU bwe and. wficfc pfBCtieablc tcuth lemu vied) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Caiefocy* 



Y 
Y 



Ciutfioa of doeumcm. miik MkaOMn. where tppiDpruie. of Uv idevuii. 



US 5.066.133 A (BRIENZA) 19 November 1991, see whole 
document. 

US 5.377.288 A (KASHYAP et al) 27 December 1994, see 
wtiole document. 

US 5,351,321 A (SNITZER et al) 27 September 1994, see 
whole document. 

US 6«367,58B A (HILL et al) 22 November 1994, see whole 
document 



n f^uihcrdooumenuarBEMed iacbc 



RdevxAt to eUiro No. 



1-23 
1-23 
1-23 
1«23 



of Bos C. Q 



■A* t\ % m 9 1 MT i 1 1 » <l» I ■ I i 1 — <f ^ ait ^kkk h t 



iilif iinfi^f^Mii lift 1^ 
il»0»i j m iii^fc ^ g 



*r i iip <hm«i>riwto^i 



DflleoflheBfllUBt 
13 MAY 1997 



of the ImecaMiMMl aouch 



Name and mailiAi addfcu of the iSA/US 
eaerorntcflU and TndeiMria 



Box per 

WaAlncWM, aC. 30231 
Faoimao No. nCTi 3QM230_ 



Potm PCT/lSA/210 Jaoeond aheet)(/uly 1992)* 



Dace of naiUBf of ilie lotcaiuuiooal ■earck icpoft 

0 5 M 



AuUiorised ofSoer v> » , \ 
TLyhonoNo. fy<nT308^4SS5 



